Introduction
============

The Haber--Bosch process, which was developed in the early 20^th^ century, made ammonia available on an industrial scale.[@cit1] About 80% of Haber--Bosch ammonia currently produced goes to fertilizers, which are estimated to support almost half of the planet\'s population.[@cit2] As a consequence of the large increase in food production over the last century, the quantity of nitrogen in the global cycle has doubled, with humans currently responsible for about half of all fixed nitrogen. The enormous scale of ammonia production is associated with huge energy demands and a large carbon footprint, primarily due to the need to generate hydrogen from fossil fuels.[@cit3]--[@cit5]

Only a few percent of all the nitrogen used as fertilizer is finally consumed as food protein, with most of it lost to the environment. For example, microorganisms in the soil oxidize nitrogen fertilizers to various nitrogen oxides that escape into the environment, either through volatilization into the atmosphere or runoff into waterways.[@cit6] This movement of human-produced nitrogen, termed the "Nitrogen Cascade",[@cit7] affects atmospheric, terrestrial and aquatic systems.[@cit8] One molecule of reactive nitrogen can have multiple effects during its lifetime in the cascade before it is finally denitrified or fossilized. Since fertilizer nitrogen may have a decades-long residence time in agricultural soils,[@cit9] these cascading effects are likely to persist for the long term.

The nitrate ion in particular has significant cascading effects. Nitrate runoff from agricultural fields leads to eutrophication of waterways and cyanobacteria growth, whose death and decay results in hypoxia, where other aquatic species cannot survive.[@cit8] The resulting dead zones are associated with significant economic[@cit10] and environmental[@cit11] consequences. The number of dead zones worldwide has approximately doubled every decade since the 1960\'s to currently stand at over 400.[@cit12] Nitrate runoff may also result in the contamination of aquifers and consequently drinking water, with potentially serious threats to human health,[@cit13]*e.g.* blue baby syndrome, increased risk of non-Hodgkin\'s lymphoma and other cancers.[@cit14]

Since biological denitrification processes are overwhelmed by anthropogenic nitrate,[@cit15],[@cit16] there is an opportunity to develop new methods for recycling nitrate by reducing it to useful or benign compounds. Nitrate reduction is a multielectron, multiproton process, but has received significantly less attention than related transformations such as CO~2~ reduction.[@cit17]--[@cit22] While thermodynamically favorable, there are unique challenges associated with selective nitrate reduction. The low charge density and delocalized electronic structure make nitrate a poor substrate, and consequently it binds catalysts more weakly than most other ligands, including other ions commonly found in aqueous solutions. Additionally, multiple reduction products are possible, some of which have very similar reduction potentials ([Table 1](#tab1){ref-type="table"}).

###### Selected standard reduction potentials for nitrate at pH 0 ([@cit23])

  Half reaction                                      *E* ^0^ (V *vs.* SCE)
  -------------------------------------------------- -----------------------
  NO~3~^--^ + 2H^+^ + 2e^--^ → NO~2~^--^ + H~2~O     0.591
  NO~3~^--^ + 4H^+^ + 3e^--^ → NO(g) + 2H~2~O        0.714
  NO~3~^--^ + 8H^+^ + 6e^--^ → NH~3~OH^+^ + 2H~2~O   0.483
  NO~3~^--^ + 10H^+^ + 8e^--^ → NH~4~^+^ + 3H~2~O    0.631
  2NO~3~^--^ + 10H^+^ + 8e^--^ → N~2~O(g) + 5H~2~O   0.872
  2NO~3~^--^ + 12H^+^ + 10e^--^ → N~2~(g) + 6H~2~O   1.002

Although nitrate can be electrochemically reduced on heterogeneous metal electrodes,[@cit24] catalysis is plagued by high overpotentials and low product selectivity. Moreover, catalytic activity and selectivity is strongly dependent on the electrolyte composition and pH.[@cit15],[@cit16] In this context, the amenability of molecular complexes to rational design makes them attractive for creating electrocatalysts having improved selectivity and greater efficiency. However there are few examples of molecular electrocatalysts for nitrate reduction,[@cit25]--[@cit29] and very little is known about their reaction mechanisms. While a number of examples of stoichiometric conversions of nitrate by homogeneous metal complexes suggest the importance of hydrogen donor functionalities for nitrate activation,[@cit30],[@cit31] these results do not provide guidelines for designing electrocatalysts that are selective for nitrate reduction.

The most well-investigated electrocatalyst is \[Co(cyclam)Cl~2~\]^+^, which produces hydroxylamine as the principal reduction product. However, this catalyst is only operative in highly concentrated hydroxide solution, only active on heavy metal electrodes and operates at large overpotentials.[@cit32]--[@cit34] While this complex can be incorporated into modified electrodes, electrocatalysis still requires strongly basic media and large overpotentials.[@cit35]--[@cit37] In this light, we were intrigued to discover an overlooked report on the electrocatalytic reduction of nitrate[@cit38] by \[Co(DIM)Br~2~\]^+^ (DIM = 2,3-dimethyl-1,4,8,11-tetraazacyclotetradeca-1,3-diene).[@cit39] These initial studies demonstrated that catalysis occurs in aqueous solution with glassy carbon electrodes and that ammonia is the sole product of reduction. Nitrite and hydroxylamine were also electrocatalytically reduced to ammonia, suggesting these substrates could be ligands for intermediates in nitrate reduction, however no further insight into the details of the reaction mechanism or the origin of substrate selectivity were reported.

In this paper, we present a combined experimental and computational investigation into electrocatalytic nitrate reduction by \[Co(DIM)Br~2~\]^+^. In addition to full structural and spectroscopic characterization, including aqueous speciation of the complex, we have investigated mechanisms for cleaving the first N--O bond of nitrate. Combined with experimentally-calibrated electronic structure calculations, these results provide insight into the key factors played by the macrocycle in facilitating nitrate reduction, as well as suggest strategies for the design of improved nitrate reduction electrocatalysts.

Results and discussion
======================

Synthesis and characterization
------------------------------

The green cobalt([iii]{.smallcaps}) complex, \[Co(DIM)Br~2~\]^+^, was prepared according to the literature procedure[@cit39] ([Scheme 1](#sch1){ref-type="fig"}) and fully characterized using modern spectroscopic methods. The molecular structure of \[Co(DIM)Br~2~\]^+^, as determined by single crystal X-ray diffraction ([Fig. 1](#fig1){ref-type="fig"}) reveals the anticipated structure. Thus, the cobalt ion is in the plane of the four macrocycle N donors with the coordination sphere completed by the two axial bromide ligands. The amine donors of the DIM macrocycle are in an *anti* configuration with the amine protons oriented in opposite directions. The DFT-optimized geometries show similar structural features (see Tables S3 and S4[†](#fn1){ref-type="fn"}).

![Synthesis of \[Co(DIM)Br~2~\]^+^ and \[Co(DIM)(NO~3~)~2~\]^+^.](c8sc00721g-s1){#sch1}

![Molecular structures of \[Co(DIM)Br~2~\]^+^ and \[Co(DIM)(NO~3~)~2~\]^+^ with 50% probability ellipsoids. The Br^--^ and NO~3~^--^ counterions, as well as most H atoms, are omitted for clarity. Selected bond lengths (Å) and angles (°) for \[Co(DIM)Br~2~\]^+^: Co--Br1 2.4009(4); Co--Br2 2.4040(4); Co--N1 1.930(2); Co--N2 1.924(2); Co--N3 1.970(2); Co--N4 1.975(2); Br1--Co--Br2 177.39(2)°. Selected bond lengths (Å) and angles (°) for \[Co(DIM)(NO~3~)~2~\]^+^: Co--O1 1.919(3); Co--O4 1.929(3); Co--N1 1.929(2); Co--N2 1.939(4); Co--N3 1.964(2); Co--N4 1.958(4); O1--Co--O4 169.54(1)°.](c8sc00721g-f1){#fig1}

The ^1^H NMR spectrum of \[Co(DIM)Br~2~\]^+^ in CD~3~OD solution shows ten resonances between 0 and 10 ppm, as expected for a diamagnetic Co([iii]{.smallcaps}) complex (Fig. S1 and S2[†](#fn1){ref-type="fn"}) and consistent with the solid state structure. It is notable that the protons on each methylene group in \[Co(DIM)Br~2~\]^+^ are inequivalent. The methyl groups resonate as a singlet at *δ* 2.78 pm. The protons on the amine donors, which resonate as a broad singlet at *δ* 6.02 ppm, exchange with deuterium from CD~3~OD over the course of several hours.

The electrochemical properties of \[Co(DIM)Br~2~\]^+^ in nonaqueous solution were investigated in NBu~4~PF~6~/MeCN, with all potentials referenced to Fc^+^/Fc. The cyclic voltammogram of \[Co(DIM)Br~2~\]^+^ shows two reversible processes with *E*~1/2~ = --0.44 V (Δ*E*~p~ = 74 mV) and --1.31 V (Δ*E*~p~ = 76 mV), respectively ([Fig. 2](#fig2){ref-type="fig"}, --0.03 V and --0.90 V *vs.* SCE). Calibrating the peak current for these two couples against a ferrocene standard suggests that each of these two waves corresponds to a single electron process. The first process is expected to be the Co([iii]{.smallcaps})/Co([ii]{.smallcaps}) couple, and this is corroborated by DFT calculations, where the metal-centered reduction is calculated at --0.15 V (*vs.* SCE) in excellent agreement with experiment. The reversibility of the second process strongly implicates a ligand-based reduction. While it was not possible to characterize the second reduction computationally due to bromide dissociation in the course of the geometry optimization, additional computational results on related Co--DIM complexes[@cit40] support the assignment of the second reduction as the ligand based Co([ii]{.smallcaps})--DIM/Co([ii]{.smallcaps})--DIM(-[i]{.smallcaps}) couple. Details on issues regarding this reduction are discussed in the ESI.[†](#fn1){ref-type="fn"} Importantly then, \[Co(DIM)Br~2~\]^+^ has the capacity to reduce substrates by two electrons, with one electron provided by the metal and the other by the macrocyclic ligand (see below).

![Cyclic voltammogram of \[Co(DIM)Br~2~\]^+^ in acetonitrile solution. 2 equiv. of ferrocene is used as reference. GC electrode, 100 mM NBu~4~PF~6~, scan rate = 100 mV s^--1^.](c8sc00721g-f2){#fig2}

Reaction of \[Co(DIM)Br~2~\]^+^ with AgNO~3~ provides the brown complex \[Co(DIM)(NO~3~)~2~\]^+^ ([Scheme 1](#sch1){ref-type="fig"}). The molecular structure of \[Co(DIM)(NO~3~)~2~\]^+^ shows similar features to that of \[Co(DIM)Br~2~\]^+^. Perhaps surprisingly, there is no evidence for intramolecular H-bonding between the nitrate ligand and the amine protons of the DIM ligand in the solid state ([Fig. 1](#fig1){ref-type="fig"}), with the shortest N--H···O distance over 2.8 Å. The ^1^H NMR spectrum of \[Co(DIM)(NO~3~)~2~\]^+^ in CD~3~OD is similar to that of \[Co(DIM)Br~2~\]^+^ but with slightly different chemical shifts (Fig. S6[†](#fn1){ref-type="fn"}).

Aqueous speciation
------------------

Since the ^1^H NMR of \[Co(DIM)Br~2~\]^+^ in D~2~O shows evidence for multiple species, we first investigated the aqueous speciation of \[Co(DIM)(NO~3~)~2~\]^+^, where it is anticipated that both of the weakly binding NO~3~^--^ ligands[@cit41] would be substituted by H~2~O. Indeed, the conductivity of an aqueous solution of \[Co(DIM)(NO~3~)~2~\]^+^ is larger than expected for a 4 : 1 electrolyte (638 S cm^2^ mol^--1^)[@cit42] indicating that in addition to replacement of both nitrate ligands, a coordinated aqua ligand is also largely deprotonated. As suggested by the conductivity measurements, dissolving \[Co(DIM)(NO~3~)~2~\]^+^ in water leads to a decrease in the solution pH, consistent with proton loss from the aqua ligands. The ^1^H NMR spectrum of \[Co(DIM)(NO~3~)~2~\]^+^ in D~2~O is consistent with this proton transfer being fast on the ^1^H NMR timescale. The acidity of the aqua ligands was determined by pH titration in aqueous solution, providing p*K*~a~ estimates of *ca.* 5 for deprotonation of the first bound water and *ca.* 9.0 for the second.[@cit43] While the aqueous speciation of \[Co(DIM)Br~2~\]^+^ is complicated by equilibria involving the bromide ligands, analogous studies reveal that this complex also forms \[Co(DIM)(OH)(OH~2~)\]^2+^ at moderate pH and \[Co(DIM)(OH)~2~\]^+^ at very basic pH (see ESI[†](#fn1){ref-type="fn"}). Electronic structure calculations are reasonably consistent with these conclusions, although it is not clear whether both anions have necessarily dissociated at lower pHs (see below).

In contrast to the electrochemical behavior in acetonitrile (see above), the cyclic voltammogram of \[Co(DIM)(NO~3~)~2~\]^+^ in aqueous solution shows a single, irreversible reduction with *E*~p,c~ = --1.075 V *vs.* SCE.[@cit44] This wave becomes quasi-reversible, with the appearance of an oxidative wave at very fast scan rates (*ca.* 2000 mV s^--1^) and is pH independent over the range 3.5--10.1 ([Fig. 3](#fig3){ref-type="fig"} and S13[†](#fn1){ref-type="fn"}). These results suggest that single electron reduction of the complex under aqueous conditions is accompanied by loss of an aqua or hydroxide ligand.

![Cyclic voltammograms of 0.5 mM \[Co(DIM)(NO~3~)~2~\]^+^ under different scan rates. GC electrode, 50 mM Na~2~SO~4~, pH = 6.3.](c8sc00721g-f3){#fig3}

Computed speciation
-------------------

DFT calculations were performed to evaluate the speciation of \[Co(DIM)Br~2~\]^+^ and \[Co(DIM)(NO~3~)~2~\]^+^ in water ([Fig. 4](#fig4){ref-type="fig"}). For both compounds, replacement of one axial ligand with water is modestly uphill by ∼3--4 kcal mol^--1^. The resulting monoaqua complexes have calculated p*K*~a~s of 6.2 and 3.4 for \[Co(DIM)(H~2~O)Br\]^2+^ and \[Co(DIM)(H~2~O)(NO~3~)\]^2+^, respectively. Compared to the measured p*K*~a~s of ∼5 this is a good agreement, as both complexes are predicted to be weak acids.[@cit45] An alternative interpretation for the first p*K*~a~s of these complexes is that the ligand substitution equilibria are strongly coupled to the deprotonation process, and hence the p*K*~a~ should be calculated for the entire thermodynamic process of ligand exchange followed by proton loss (also indicated in [Fig. 4](#fig4){ref-type="fig"}). This approach results in first p*K*~a~s of 9.2 and 5.7 for \[Co(DIM)Br~2~\]^+^ and \[Co(DIM)(NO~3~)~2~\]^+^, respectively, leading to a worse agreement for the former and a better agreement for the latter.

![Calculated speciation pathways of \[Co(DIM)Br~2~\]^+^ (top) and \[Co(DIM)(NO~3~)~2~\]^+^ (bottom). All energies are reported as solvated free energies in kcal mol^--1^. Calculated p*K*~a~ values are highlighted.](c8sc00721g-f4){#fig4}

The subsequent monohydroxo complexes can undergo a second ligand exchange for a water molecule. The identity of the ligand (nitrate *vs.* bromide) has virtually no effect on the ligand exchange, which is associated with a small energetic cost of ∼1--2 kcal mol^--1^. The resultant complex, \[Co(DIM)(H~2~O)(OH)\]^2+^, has a larger calculated p*K*~a~ than either of the monohydroxo complexes at 8.7, consistent with the experimental measurements. As before, the ligand exchange can be considered to be directly involved in the deprotonation equilibria which results in slightly higher calculated p*K*~a~s of ∼10 for each complex (not indicated in [Fig. 4](#fig4){ref-type="fig"}). Significantly, whether these ligand exchange equilibria are considered part of the deprotonation process or not, each approach results in a qualitative agreement with the experimental observation of two weakly acidic protons. As will be shown below, these speciation predictions are also consistent with the experimentally observed peak potentials.

Computational evaluation of active catalyst
-------------------------------------------

A thorough computational investigation of possible speciation/reduction pathways in solution was performed to determine which complexes show reduction potentials consistent with the experimentally observed peak potential at approximately --1.0 V. Note that the electronic structure calculations are only capable of accurately determining the value of *E*~1/2~, which is experimentally gauged by averaging the cathodic and anodic peak potentials of a reversible process. Thus, the calculations cannot be used to directly match the peak potentials determined from an irreversible process. It is, however, reasonable to assume that the calculated values of *E*~1/2~ should be similar to the observed peak potentials, and this is what was considered. Full square schemes showing different permutations of ligand loss/binding and reduction are shown in Fig. S21 through S29,[†](#fn1){ref-type="fn"} but here we only highlight the most important results in [Fig. 5](#fig5){ref-type="fig"}.

![Proposed electrochemical formation of the active catalytic species based on DFT results. All values are given in kcal mol^--1^ as solvated free energies with the exception of reductions, which are reported as reduction potentials *vs.* SCE in V.](c8sc00721g-f5){#fig5}

Out of all complexes investigated, only three had calculated reduction potentials similar to --1.0 V (see [Fig. 5](#fig5){ref-type="fig"}): \[Co(DIM)(OH)Br\]^+/0^ (--1.24 V), \[Co(DIM)(OH~2~)OH\]^2+/1+^ (--0.97 V) and \[Co(DIM)(OH)~2~\]^+/0^ (--0.90 V). While \[Co(DIM)(OH)~2~\]^+/0^ exhibits metal-based reduction, reductions of \[Co(DIM)(OH)Br\]^+/0^ and \[Co(DIM)(OH~2~)OH\]^2+/1+^ are assigned as ligand-based (see the ESI for a more detailed discussion[†](#fn1){ref-type="fn"}). All three compounds are predicted to behave the same upon reduction, undergoing a series of protonations and ligand losses to eventually form the four-coordinate \[Co(DIM)\]^2+^ complex, which is best-described as Co([ii]{.smallcaps}). This complex is calculated to be reduced at --1.20 V *vs.* SCE. This is more negative than the observed peak potential at --1.0 V, but within the error of our method and close enough to suggest that it may also occur at a similar potential to the first reduction.

In summary, based on the experimentally-calibrated computational description of the aqueous speciation and electrochemical properties, we propose that four-coordinate, square-planar \[Co(DIM)\]^+^ is the active catalyst for nitrate reduction. This conclusion is consistent with the experimental speciation experiments, and clearly identifies the nature of the complex that enters the catalytic cycle.

The redox capabilities of DIM distinguish it from the less effective cyclam ligand (although other redox-active ligands can still result in ineffective catalysts, see ESI[†](#fn1){ref-type="fn"}), and hence this electronic structure feature may play an important role in Co(DIM)\'s enhanced catalytic activity. While \[Co(DIM)\]^+^ is formally a Co([i]{.smallcaps}) complex, like every other doubly reduced Co(DIM) species calculated in this study, it has significant Co([ii]{.smallcaps})--DIM(-[i]{.smallcaps}) character. Numerous spin-states were examined, and the lowest energy spin-state found corresponds to a HS Co([ii]{.smallcaps}) ion antiferromagnetically (AF) coupled to the monoanionic DIM(-[i]{.smallcaps}) ligand, leading to an overall triplet (*S* = 1). This state is referred to as the AF-triplet (AF-T) state. The assignment was confirmed with natural orbital (NO) analysis ([Fig. 6](#fig6){ref-type="fig"}), which identifies four NOs with occupation numbers different from 0.0 and 2.0. Several other electronic states examined (a conventional triplet and AF-coupled singlet states with two singly occupied NOs, and a quintet state) lie within 3 kcal mol^--1^ of the AF-T state. These states also have significant spin density on the DIM ligand, and can be described with the same formal oxidation states.

![(a) Calculated NOs (isovalue = 0.05 e Å^--3^) of the AF-triplet state of \[Co(DIM)\]^+^. The occupation numbers of each NO are indicated. (b) A scheme showing how this electronic structure can be described in terms of resonance structures and formal oxidation states.](c8sc00721g-f6){#fig6}

Electrocatalytic NO~3~^--^ reduction
------------------------------------

Consistent with the previous report,[@cit38] a catalytic current with an onset potential of *ca.* --0.90 V *vs.* SCE is observed when the CV of 0.5 mM \[Co(DIM)Br~2~\]^+^ is measured in the presence of 10 mM aqueous nitrate ([Fig. 7](#fig7){ref-type="fig"}). Under these conditions, the current reaches a plateau at *ca.* --1.08 V *vs.* SCE. This catalytic wave is observed at the same potential as the irreversible wave in the absence of nitrate, and corresponds to an overpotential of *ca.* 1.2 V *vs.* SCE (*E*(NO~3~^--^/NH~3~) = 0.29 V *vs.* SCE at pH 4.6). The catalytic current is observed at pH values above *ca.* 3.5 ([@cit46]) and below pH *ca.* 10.1. Importantly, the CV of \[Co(DIM)(NO~3~)~2~\]^+^ shows the same electrochemical behavior under these conditions (Fig. S12[†](#fn1){ref-type="fn"}), suggesting that both cobalt complexes access the same active species upon reduction. It is notable that this current is only observed at slow scan rates (\<20 mV s^--1^). Catalysis is not observed in buffered solutions, even with "non-coordinating" buffers (*e.g.* PIPBS),[@cit47] likely due to the weak binding ability of the nitrate substrate.

![Cyclic voltammogram of 0.5 mM \[Co(DIM)Br~2~\]^+^ with no NaNO~3~ (red) and 10 mM NaNO~3~ (blue) at pH = 4.6. Scan rate = 5 mV s^--1^. Electrolyte: 50 mM KBr. Working electrode: GC. Inset: charge passed during CPE of 0.1 M NaNO~3~ without catalyst (red) and with 0.5 mM \[Co(DIM)Br~2~\]^+^ (blue). Carbon rod electrode. Initial pH = 3.5.](c8sc00721g-f7){#fig7}

Controlled-potential electrolysis (CPE) of a 100 mM nitrate solution at --1.05 V *vs.* SCE shows that the charge passed is greater in the presence of \[Co(DIM)Br~2~\]^+^ than in its absence ([Fig. 7](#fig7){ref-type="fig"}, inset). During the course of electrolysis, the pH of an unbuffered solution increases from 3.5 to 12.3, consistent with H^+^ consumption during the reduction of NO~3~^--^. Ammonia was determined to be the product of NO~3~^--^ reduction, with a faradaic efficiency of 97%, as quantified by the indophenol test,[@cit48] with no evidence for the formation of NH~2~OH.[@cit49]

A number of experiments have been undertaken to exclude the possibility of heterogeneous or nanoparticle catalysts (Fig. S15--S18[†](#fn1){ref-type="fn"}).[@cit50],[@cit51] No new bands are observed in the optical spectrum following electrolysis, suggesting that the formation of nanoparticles is unlikely, which is further supported by the results of dynamic light scattering measurements. There is also no evidence for the formation of a heterogeneous electrocatalytic deposit on the electrode surface. The catalytic current does not increase over successive cyclic voltammetric (CV) scans, which would be expected for the formation of a catalytic deposit. While XPS measurements suggest that small quantities of cobalt-containing material are adsorbed on the electrode surface, these species are not catalytically active, as revealed by a rinse test. Thus, all available evidence points to a homogeneous molecular catalyst for nitrate reduction.[@cit52]

To elucidate further mechanistic details of nitrate reduction, electrocatalysis was conducted with variable catalyst (\[Co(DIM)Br~2~\]^+^) ([Fig. 8a](#fig8){ref-type="fig"}), substrate (NaNO~3~) ([Fig. 8b](#fig8){ref-type="fig"}) and H^+^ ([Fig. 8c](#fig8){ref-type="fig"}) concentrations. The current dependence on \[Co(DIM)Br~2~\]^+^ and NO~3~^--^ concentration was determined using the foot of the wave (FOWA) analysis,[@cit53],[@cit54] providing first-order dependencies for the catalyst and substrate, consistent with the second-order rate law:rate = *k*\[Co\]\[NO~3~^--^\]

![(a) Cyclic voltammograms of 10 mM NaNO~3~ with different concentrations of \[Co(DIM)Br~2~\]^+^, pH = 4.8. (b) Cyclic voltammograms of 0.5 mM \[Co(DIM)Br~2~\]^+^ with different concentrations of NaNO~3~, pH = 4.1. (c) Cyclic voltammograms of 0.5 mM \[Co(DIM)Br~2~\]^+^ with 10 mM NaNO~3~ under different pHs. GC electrode, scan rate = 5 mV s^--1^, 50 mM KBr. Inset: (a) Plot of \[Co(DIM)Br~2~\]^+^ concentration *vs.* slope from FOWA analysis. (b) Plot of \[NO~3~^--^\]^1/2^ concentration *vs.* slope from FOWA analysis. (c) Plot of \[H^+^\] concentration *vs.* slope from FOWA analysis, where *C*~P~: concentration of catalyst, *C*~A~: concentration of substrate, *F*: Faraday constant, *D*: diffusion constant of catalyst.](c8sc00721g-f8){#fig8}

Interestingly, the analysis reveals that there is no dependence on the proton concentration, suggesting that the required proton transfer steps occur after the rate determining step.[@cit55]

Mechanism of nitrate reduction
------------------------------

There are many potential mechanisms through which \[Co(DIM)\]^+^ could mediate the reduction of nitrate to ammonia, and an exhaustive study is beyond the scope of this manuscript. Instead, a preliminary mechanistic analysis is presented examining several simple mechanisms involved in the initial nitrate-to-nitrite reduction as shown in the reaction coordinate diagram and corresponding mechanistic cycle in [Fig. 9](#fig9){ref-type="fig"}. Starting from the active catalyst (complex **1**), binding nitrate is thermodynamically easy. This results in formation of the five-coordinate mononitrate **2**. The ground state electronic structure of **2** is an AF-triplet state as described for \[Co(DIM)\]^+^ above. This can be compared to the more typical triplet state (T) which consists of a LS Co([ii]{.smallcaps}) ferromagnetically coupled to the DIM radical anion ([Fig. 9](#fig9){ref-type="fig"}, inset). Note there are two other electronic structures deriving from these configurations: the quintet state (Q) is a HS Co([ii]{.smallcaps}) ferromagnetically coupled to the DIM ligand and the AF-singlet (AF-S) is a LS Co([ii]{.smallcaps}) AF-coupled to the DIM ligand. The closed-shell singlet alternative (S) was always higher in energy and usually possessed an unstable wavefunction. [Fig. 9](#fig9){ref-type="fig"} displays the lowest energy spin state of each structure (indicated next to each structure). The energetics of the alternative spin states are shown in Fig. S30--S32.[†](#fn1){ref-type="fn"} Fig. S33[†](#fn1){ref-type="fn"} illustrates the various electronic states considered and how they can facilitate nitrate reduction to nitrite.

![(a) Reaction coordinate diagram for reduction of nitrate to nitrite examined with DFT. (b) Mechanism scheme for nitrate to nitrite reduction examined with DFT. Values in parentheses are activation energies calculated for given reactions. The lowest energy spin-state of the Co complex is also indicated for each structure and transition state. All reported values are solvated free energies in kcal mol^--1^. Inset: relevant triplet states of Co([i]{.smallcaps}).](c8sc00721g-f9){#fig9}

From **2** it is possible to transfer electrons to bound nitrate to form free nitrite and what is formally a Co([iii]{.smallcaps}) oxo species **3**, a process which is downhill by 11.0 kcal mol^--1^ (monodentate mechanism; see black pathway in [Fig. 9](#fig9){ref-type="fig"}). Based on Mulliken spin and NO analysis, complex **3** can be described as a Co([ii]{.smallcaps}) oxyl radical (see Fig. S34[†](#fn1){ref-type="fn"}). This oxo/oxyl ligand is highly basic and can be readily protonated with a driving force of --19.2 kcal mol^--1^ to form a simple Co([iii]{.smallcaps}) hydroxide. Surprisingly, the transition state located for the formation of the unusual complex **3** was found to be relatively low in energy, leading to an activation energy of 18.1 kcal mol^--1^ for this step. Further examination of this transition state *via* the Mulliken spin and NO analyses shows significant radical character on the nitrate substrate itself, and pyramidalization of the nitrate group. Additionally, the radical character on the DIM ligand has disappeared, indicating that nitrate has undergone one-electron reduction by the redox-active DIM ligand, while Co has yet to participate in the electron transfer. Initial single-electron transfer to nitrate can induce homolysis of a nitrogen--oxygen bond, thereby releasing closed-shell fully-reduced nitrite and a Co([ii]{.smallcaps}) oxyl radical (**3**) (see Fig. S33[†](#fn1){ref-type="fn"}). The transition states obtained for the AF-T and Q states are close to each other in energy and ∼13--14 kcal mol^--1^ lower in energy than the AF-S and T states, this driving force likely resulting from their closer resemblance to the final ground state of **3**.

Another variant of this mechanism (bidentate mechanism; see red pathway in [Fig. 9](#fig9){ref-type="fig"}) was found where the one-electron reduction of nitrate results in an intermediate before N--O cleavage has occurred (**4**). Intermediate **4** is characterized by a bidentate binding mode for nitrate, which necessitates folding the DIM ligand to allow the two nitrate oxygens to coordinate in a *cis* fashion. It is uphill by 9.3 kcal mol^--1^, possessing a low-energy "late" transition state with an activation energy of 10.7 kcal mol^--1^. Intermediate **4** can then undergo homolysis of the nitrogen--oxygen bond, resulting in **5** which has nitrite bound *cis* to a similar oxo/oxyl radical moiety as that described for **3**. The barrier for this step is low at 11.6 kcal mol^--1^. However, as can be seen in the reaction coordinate diagram in [Fig. 9](#fig9){ref-type="fig"}, the additional energetic cost of forming **4** prior to nitrite formation will add into the overall activation energy, leading to a slightly larger barrier than going directly from **2** to **3**. Nitrite can be readily released from **5** to form **3** which can re-enter the catalytic cycle after protonation.

While these mechanisms are computationally very promising, it is important to also consider mechanisms that avoid the formation of the Co([ii]{.smallcaps}) oxyl functionality. One way to accomplish this is by a direct protonation of **2**, which will induce electron transfer from DIM to the substrate (now bound nitric acid) to form **6** (proton-assisted mechanism; see blue pathway in [Fig. 9](#fig9){ref-type="fig"}). In terms of electronic structure, this complex is also an AF-T and is similar to **2**. This protonation is favorable by 6.9 kcal mol^--1^, after which **6** can break the nitrogen--oxygen bond, while simultaneously re-binding the hydroxyl ligand to form **7**, which is downhill by 26.3 kcal mol^--1^. The calculated barrier for **6** going to **7** is exceptionally small; only 4.2 kcal mol^--1^. A low-barrier for this step conceptually makes sense, given how facile the similar cleavage in **4** to **5** is and the very large driving forces involved for formation of **7**. Finally, complex **7** can also be directly formed by protonation of **5** (downhill by 34.9 kcal mol^--1^).

Of all the mechanisms examined, the proton-assisted pathway is unambiguously the lowest in energy assuming a source of protons is available (the calculations are performed in the standard state, pH = 0). The other two pathways are also viable at room temperature. The calculated p*K*~a~ for **6** is 5.1, indicating that at higher pH **2** will be the majority species and forming **6** will be modestly uphill (2.6 kcal mol^--1^ at pH = 7 as opposed to --6.9 kcal mol^--1^ at standard conditions, pH = 0). The activation energy for the proton-assisted pathway (*i.e.*, the free energy difference between **6--7**[‡](#fn2){ref-type="fn"} [^2] and **1**) will thus range from 4.2 kcal mol^--1^ at pH 3.5 (energy difference between **6--7**[‡](#fn2){ref-type="fn"} and **6**) to approximately 12.9 kcal mol^--1^ at pH 10.1 (free energy difference between **6--7**[‡](#fn2){ref-type="fn"} and **1**). While this energetic penalty does not preclude the proton-assisted mechanism itself, it is not consistent with the pH-independence of the reaction observed experimentally. When the protonation is favorable (as in the standard state) the activation energy would be measured from **6** to the **6--7** transition state, and would not be proton-dependent. It is possible then, that the calculated p*K*~a~ of **6** is too small, and that **2** becomes favorably protonated at all examined pH values. The simplest, and most probable explanation for the lack of pH-dependence is that nitrate binding, or the preparation of the active catalyst in general, is rate-determining, in which case a strong proton-dependence would not be expected. Given the small barriers calculated for the nitrate to nitrite reduction in each mechanism, it makes sense that these steps would not be rate-determining. Overall, the calculations themselves do not suggest a reason why the proton-assisted pathway would not occur, but nonetheless, they do indicate that nitrite formation can still occur *via* numerous different binding modes and protonation states.

While the initial DFT calculations identified reasonable mechanisms summarized in [Fig. 9](#fig9){ref-type="fig"}, they will need to be followed-up by more detailed studies exploring other mechanistic pathways that include explicit involvement of the solvent or the NH protons on DIM ligand. Future work will also focus on gaining a better understanding of the multistate reactivity in these systems. This will necessitate identification of the minimum energy crossing points and application of wavefunction-based methods (*e.g.*, CASPT2) to obtain more accurate barriers and spin-state energetics.[@cit56],[@cit57]

Summary and conclusions
=======================

A combined experimental and computational investigation reveal that two electron reduction of the Co([iii]{.smallcaps}) complexes \[Co(DIM)X~2~\]^+^ (X = Br^--^, NO~3~^--^) in aqueous solution leads to formation of a four-coordinate complex \[Co(DIM)\]^+^, in which both cobalt and the DIM ligand are reduced by one electron. This complex then enters the cycle for the electrocatalytic reduction of aqueous nitrate to ammonia, which occurs with high faradaic efficiency and over a wide pH range. In this context, it is notable that proton reduction is not competitive, even at relatively acidic pH.[@cit58]--[@cit60]

The computational investigation highlights several critical features of this system, most notably the multiple roles played by the redox active DIM ligand in enhancing the efficacy of this catalyst. Firstly, the DIM ligand facilitates active catalyst formation by providing an additional site for electron storage, which avoids higher energy electronic states in which the Co ion is doubly reduced. Since Co([ii]{.smallcaps}) is expected to be more Lewis acidic and less nucleophilic than Co([i]{.smallcaps}), this is also expected to favor the reduction of nitrate over protons. Secondly, the reduced DIM ligand is also able to transfer this electron directly to nitrate, which activates it for N--O bond homolysis and nitrite release. Thus, the two electron reduction of nitrate to nitrite occurs *via* two single electron transfers. Further mechanistic studies are underway to explore these and other features that impact formation of nitrite and its subsequent conversion to ammonia. Finally, the structural flexibility of the macrocycle facilitates N--O bond cleavage by allowing the substrate to access a *cis*-coordination mode on cobalt. While the current work does not yet provide an explanation for the increased selectivity and lack of side-product formation for \[Co(DIM)X~2~\]^+^ compared to \[Co(cyclam)X~2~\]^+^, it does provide a starting place for further investigation of mechanistic features of these (and other) cyclam-based ligands. More generally, the insights from these studies suggest strategies for the design of improved nitrate reduction catalysts.
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